We measured nucleotide variability within and between the three semispecies of the Drosophila athabasca complex, at the period (per) gene by using a polymerase chain reaction-based four-cutter restriction-enzyme analysis. The levels of polymorphism varied considerably between the three semispecies. Our results for per, combined with previous data for X-linked allozymes, suggest that the X chromosome in the western-northern semispecies is less variable than expected under an equilibrium-neutral model. Both the pattern of divergence between the semispecies and a cladistic clustering of per haplotypes support the previously hypothesized grouping of eastern A and eastern B as the two most recently diverged semispecies. A 2 1-bp in-frame segment in the region of per which shares sequence similarity with the neuronal development gene single minded is deleted in all eastern A and eastern B flies examined but is present in all of the western-northern flies and all other published per sequences. Despite these hints that there may be significant differences at the per gene between the semispecies, especially the westernnorthern group versus the two eastern groups, there is no compelling evidence that per is involved in the mating song differences between the semispecies.
Introduction
Establishing reproductive isolation between incipient species is the most important part of speciation under the Biological Species concept (Dobzhansky 1937; Mayr 1942) . One way to study the genetic changes important for establishing reproductive isolation between incipient species is to examine groups which have diverged very recently. This gives a higher probability of finding the genetic changes important for reproductive isolation than does looking at widely diverged groups which are likely to have accumulated a large number of differences after having become reproductively isolated. The Drosophila athabasca semispecies complex (subgroup affinis, group obscura) is a group of taxa which fit the criteria of being very recently diverged but reproductively isolated. The complex, whose range extends over all of northern North America ( fig. 1 ), is currently classified into three semispecies, "western-northern," "eastern A," and "eastern B" ( Miller 1958; Miller and Westphal 1967; Johnson 1985 ) . The semispecies are for the most part parapatric but are sympatric in some areas. There is considerable evidence that the semispecies have 1. Key words: Period, Drosophila athabasca, mating song, hitchhiking. diverged very recently, as they are morphologically indistinguishable and genetically as closely related to each other at the allozyme and mitochondrial DNA (mtDNA) levels as are different populations in other Drosophila species (Johnson 1978 (Johnson , 1985 Yoon and Aquadro, submitted) .
Laboratory crosses between the semispecies produce viable, fertile progeny of both sexes (Miller and Westphal 1967; Yoon 199 1) . Chromosomal inversions, allozyme allele frequency differences, and mtDNA sequence divergence all indicate that the two eastern semispecies are the most closely related, with western-northern more distant (Miller and Voelker 1968 , 1969a , 1969b , 1972 Johnson 1985; Yoon and Aquadro, submitted) .
The only outstanding genetic difference found to date between the semispecies is the large number of chromosomal inversions separating them. Over 80 inversions have been found to be polymorphic in D. athabasca, and of these, seven distinguish westernnorthern from the eastern semispecies, which are themselves distinguished by three distinct inversions (Miller et al. 1975 ) . The X and C chromosomes are particularly polymorphic.
Despite the genetic similarities between the semispecies, they are behaviorally distinct and reproductively isolated in nature. In no-choice mating experiments, matings between semispecies are only lo%-40% as frequent as matings within semispecies (Miller 1958; Miller and Westphal 1967; Yoon 199 1) . Eastern A ap- (Miller 1958; Wheeler and Throckmorton 1960; Miller and Westphal 1967; Johnson 1985; Toda 1985). pears to be the most sexually isolated of the three semispecies; crosses between eastern A and either eastern B or western-northern are less successful than the cross between western-northern and eastern B. Differences in male courtship song, a trait known to be important in a female Drosophila's choice to mate (Kyriacou and Hall 1982) , are correlated with the observed mating isolation; all three semispecies have distinct mating songs, but the eastern B and western-northern songs are more similar to each other than either is to eastern A (Miller 1958; Miller and Westphal 1967; Yoon 199 1) . The song of a close outgroup, D. afinis, is similar to the eastern B and western-northern songs, indicating that it is the eastern A song which has changed the most since the semispecies diverged (Yoon 199 1) and that the western-northern and eastern B songs are similar because they both have remained more ancestral than eastern A. The evolutionary history of the group suggests that the differences in song did not occur in a time-dependent fashion, since this would predict that the two most closely related groups, eastern A and eastern B, would have the most similar songs. Given the presumed recent common ancestry of the groups, the speed with which the song differences arose suggest: the differences are the result of natural selection (Yoon and Aquadro, submitted) .
In this study, we examine within-semispecies polymorphism and between-semispecies divergence al the period locus (per). Per is a biological clock gene involved in controlling rhythmicity in several Drosophila behaviors, including daily activity rhythms and courtship song periodicity (Konopka and Benzer 197 1 Kyriacou and Hall 1982; Petersen et al. 1988) . Mu tations in per also affect the pace of development (Kyr iacou et al. 1990 ) and may be involved in measuring critical day length to induce diapause in D. melano gaster (Saunders 1990 ). We elected to study per because it is the only molecularly characterized gene which ha: been proved to be involved in premating reproductive isolation between two Drosophila species (Petersen el al. 1988; Wheeler et al. 199 1) and because it has ever been called a "speciation gene" (Coyne 1992) . Fur thermore, genetic differences at per have been showr to affect subtle rhythms in male Drosophila's courtship songs (e.g., see Petersen et al. 1988) , although the spe. cific song character which per is thought to affect is no among those which have been studied in D. athabasca Nonetheless, in light of the dramatic differences ir courtship song between the semispecies, the fact thal both per and the song characters which have been stud. ied are X linked (Yoon 199 1) , and per's role in mating isolation between other Drosophila species, it is rea. sonable to hypothesize that per might play a role ir mating isolation in this group. We therefore reasonec that if the song differences distinguishing the semispe ties arose through the action of natural selection, one might expect to see the effects of selection on putative song-controlling genes, such as per. An additional rea, son to study per is simply that no other nuclear gene! have been examined at the DNA level in this semispe, ties group. The level of taxonomic detail available b! examining genes at the nucleotide level is often greatel than that available from allozyme studies (Hillis ant Moritz 1990, pp. 502-508) , and nuclear sequence! provide alternative and sometimes contrasting infor, mation to that contained in mtDNA sequences (see e.g., Karl and Avise 1992) .
In this study, we find no compelling evidence tc suggest that per is a major component of song differences or of mating isolation differences in this group. However our data suggest that levels of polymorphism at per are inconsistent with those expected under an equilibriumneutral model and fit an emerging pattern which suggest: that genes on the X chromosome in the western-northern semispecies are less variable than expected in light 01 the levels of polymorphism and mitochondrial genes.
and divergence at autosomal
Material and Methods

Sample Collection and Identification of Semispecies
We collected flies from a number of North American populations, between June and September of 1988 , 1989 , by using fermenting bananas as bait. Isofemale lines were established for each population, except for five wild-caught males which were frozen immediately after their songs were recorded. The lines from which the samples were derived were all identified morphologically as Drosophila athabasca, and male courtship song was used to assign them to semispecies. Most of the samples used in this study came from lines which had been terminated by freezing at -80°C since 1990. We used a total of 42 individual male flies: 7 from Sno- . In all, we sampled 18 western-northern (S2, S4, S12, S13, S16, S20, S45, BB213, BB6, BBlO, BB13, ME2 1, ME25, CC2, CC4, CC6, AC 1, and AC5 ), 8 eastern A (EA3, GSC2, GSCS, GSC23, SF44, GSC30, GSC33, and GSC60), and 16 eastern B (SF12, SF21, SF62, SF69, SF56, SF49, SF39, SF35, SF50, SF9, SF15, SF52, GSC20, GSC46, GSC24, and GSC13).
Sample Preparation,
Polymerase Chain Reaction (PCR) Amplification, and Restriction-Enzyme Analysis We isolated DNA from single flies, following the protocol of Ashburner ( 1989, pp. 108-109) . This in general produced about 1 pg of DNA per fly, which was suspended in 50 ~1 of Tris-ethylenediaminetetraacetate buffer. To avoid the complications of heterozygosity in subsequent analyses, only male flies were used. Five microliters of the resuspended solution was used in each of three PCRs to amplify three separate segments of the per gene, which we call the "left," "middle," and "right" segments ( fig. 2 ). The sequences of the primers are 20-5'-GTCCACACAGAACACTAAGGTGTC and 2 119-5 '-GTTATAGATCGTTTTCGTCCGC for the left segment, 4520-5 '-CGGCAAAATTGACGCC and 5307-5 '-CTCGAGAGTCTTCATG for the middle segment, and 5267-5'-CAAGACGGCCAACACAATC and 6904-5'-TTATCTTACCGCTCAACCGG for the right segment. The numbers in front of each primer refer to the location of the 5' nucleotide in the western-northern per locus segments were designed using the program Primer, version 0.5 (Lincoln et al. 199 1) . Reactions were performed in 1 OO-~1 volumes of a solution consisting of 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl*, 0.001% (w/v) gelatin, 100 nM of each primer, 200 PM dNTPs, and 2.5 units of Taq polymerase (Perkin Elmer Cetus). Reaction conditions consisted of 33 cycles, each with a 1-min denaturing step at 94°C a 1-min annealing step at 55°C and a 4-min extending step at 72°C except for reactions amplifying the middle segment, which used a 45°C annealing temperature.
All reactions were carried out using a Perkin-Elmer DNA thermal cycler. Each amplification product was divided into nine 8.5-~1 portions, and each portion was then digested with one of the following nine restriction enzymes: TaqI, AluI, HinfI, DdeI, HaeIII, Sau 3A1, Scr f I, RsaI, and MspI.
All digestions were performed following the manufacturers' (BRL and NEB) instructions.
After digestion, samples were loaded into a 2.5% agarose gel containing a small amount of ethidium bromide and were electrophoresed for 14-16 h at 30-40 V in Tris-borate-ethylenediaminetetraacetate buffer. Bands were visualized under ultraviolet light, and the gels were photographed with Polaroid type 57 instant-print film. The positions of restriction-site gains and losses were inferred using a complete western-northern D. athabasca per sequence (Yoon 199 1) . Not all site gains relative to the known sequence could be localized precisely, but this does not effect the interpretation of our results. Length variation was mapped only to particular restriction fragments, except in one case where the exact location of a length variant was determined through DNA sequencing (see below ) .
DNA Sequencing
The location and size of one indel was determined precisely by direct sequencing of several PCR-amplified alleles. Using the left-segment amplification primers and the sequencing primer 864-5 '-GCCCAAAGATGCCAG, we sequenced the double-stranded amplification products, using the snap-cooling annealing method described by Gyllensten ( 1989) and following it by standard chaintermination sequencing (Sanger et al. 1977 ) using the USB Sequenase 2 polymerase and kit (Sequenase Protocol, 6th ed., 1992).
Statistical Analysis
Nucleotide diversity within semispecies ( 'IC), its standard error, and the total sequence divergence between semispecies were estimated using the methods of Nei ( 1987, pp. 256-257) .
The neutral parameter, 8 ( =3Nu for an X-linked gene, where N is the mutational (Yoon 199 1). The primer pairs for the left and right effective population size and u is the mutation rate), was calculated using Hudson's ( 1982) method, with standard errors calculated assuming no recombination. A cladogram connecting per haplotypes was constructed by the method of maximum parsimony, using the computer program PAUP 3.0k (Swofford 1990) . The fit of the distribution of polymorphism to an equilibriumneutral model was assessed using Tajima's ( 1989b) D statistic. Additional details concerning the statistical analysis are discussed in the Results and Discussion sections and in the figure and table legends.
Results
We analyzed restriction-site variation in three PCRamplified fragments with a combined length of 4,537 nucleotides, or about 65% of the genomic sequence spanning the per gene. Not surveyed was the 3' half of the large third intron and about 700 bp of the forth coding exon ( fig. 2 ) . We were unable to amplify this region in eastern A individuals because of a large insertion in this semispecies (C. K. Yoon, unpublished data). We scored a total of 15 polymorphic restriction sites, 85 monomorphic restriction sites, and 9 areas of length variation ( fig. 2 and table 1).
Restriction-site variants are in complete linkage disequilibrium across the 7-kb region surveyed. Considering the entire data set, all pairwise comparisons between restriction sites have a D' value (Lewontin 1964) of + 1 or -1, meaning that in no comparisons are all four gametic types present. Twenty-four of 28 comparisons are significant (Fisher's exact test, P < 0.0 1). Such a pattern is consistent with an absence of intragenic recombination (Hudson and Kaplan 1985 Again, in no case were all four gametic types seen. Although this analysis says little about the levels of linkage disequilibrium within any population, it is useful in interpreting the gene genealogies constructed below. Additionally, in light of the recent common ancestry of the semispecies, it would not have been surprising to find evidence of recombination between alleles fixed even in separate semispecies. Disequilibrium statistics were not calculated for length variants because of the likelihood of convergence for common lengths.
Nucleotide diversity, x, varies considerably between semispecies (table 2) ; western-northern is the least polymorphic, with n: = 0.0003 1 (+0.00040), and eastern B the most, with n: = 0.0022 (kO.00 14). Eastern A is intermediate, with n: = 0.00 13 (+0.00083).
The same pattern holds for the neutral parameter 8 (Watterson 1975) , with 8 = 0.00095 (&0.00067) for western-northern, 0.0029 (+O.OO 12) for eastern B, and 0.00 19 (kO.00 11) for eastern A (the standard errors are given in parentheses).
Neither the n: nor the 8 values are significantly different between the semispecies. The same pattern also holds for length variation; the 18 western- The locations of the primers used to amplify segments of the gene are also shown. The repeat region refers to the series of j-amino-acid perfect repeats found in obscura-group flies. This corresponds to the threonine/glycine repeat in the melanogaster group. The total number of nucleotides surveyed is approximately (2m-k)j, where m is the total number of restriction sites observed, k is the number of polymorphic sites observed, and j is the number of base pairs in the recognition site of the restriction enzyme (Hudson 1982) . From this, we surveyed approximately 785 nucleotide sites within each semispecies and 740 sites between the semispecies. The estimates differ because there are different numbers of segregating sites within the semispecies than between them.
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northern samples have a total of 3 length variants, the 8 eastern A samples have 13 length variants, and the 16 eastern B samples have 18 length variants. Divergence between semispecies ( fig. 3) shows the same pattern as the allozyme (Johnson 1978 (Johnson , 1985 and mtDNA (Yoon and Aquadro, submitted) divergences, with eastern A and eastern B being the most similar of the three semispecies, Tajima's D statistic (Tajima 1989b ) measures how well the observed number of pair-wise differences between alleles fits what is expected, given the observed number of segregating sites and an infinite-sites equilibriumneutral model. Under this model, D is expected to equal zero. Possible reasons for negative values include recent directional selection, weak deleterious selection on current polymorphisms, or a recent population bottleneck (Tajima 1989a) . Positive values can be the result of balancing selection or population subdivision. In this study, we calculated D statistics separately for restriction-site and length variation (table 3). The only value significantly different from zero (P~0.0 1) is the positive value for length variation in eastern A. Considerable sequence length polymorphism has been reported for per in other Drosophila species (Costa et al. 199 1) ) and our results further confirm that length variation is common at this locus. Differences in length are not confined to introns, and the 5-amino-acid-repeat region is particularly variable in length. One length variant in D. athabasca is unusual in that it is located in the region of sequence similarity to single minded (sim), a gene encoding a nuclear protein involved in neural development in D. melanogaster (Crews et al. 1988 ). This region is conserved between species (Thackeray and Kyriacou 1990; Yoon 199 1)) and length variation has not been previously reported in this part of the gene. We sequenced a small fragment from this region in an individual from each of the three semispecies and found that this variant consists of a 2 I-bp in-frame deletion (nucleotides 1485-1505 in fig. 2 from Thackeray and Kyriacou 1990) in the eastern A and eastern B flies sequenced ( fig. 4) . The sequence is present in the westernnorthern fly we sequenced, as well as in D. melanogaster, D. yakuba, D. virilis, and D. pseudoobscura sequences (Thackeray and Kyriacou 1990) . On the basis of the restriction map ( fig. 2 and table 1)) this 2 1 -bp segment is present in all western-northern lines and absent in all eastern A and eastern B lines.
The 42 individuals make up a total of 11 distinct restriction-site haplotypes, which can be connected in a minimum-mutation network ( fig. 5 ) . Using the branchand-bound algorithm of PAUP 3.0k (Swofford 1990 ), we determined that at 15 steps the network is the single network postulates no convergent restriction-site changes or recombinational events, consistent with the complete linkage disequilibrium we observed across the gene. With some exceptions, the haplotypes cluster into semispeciesspecific groups. All the western-northern individuals form a distinct cluster, and most of the eastern B individuals cluster into a distinct group, with eastern A individuals clustering between the two other groups in the center of the network. Several eastern B flies have haplotypes which cluster within the central cluster as well, including two individuals which share a haplotype with four eastern A individuals.
The network is completely free of homoplasy, so a conventional bootstrap analysis is not necessary, because the confidence levels which bootstrapping provides can be calculated directly. For example, the branch connecting the eastern A cluster to the eastern B cluster has three mutations on it and will be supported in a bootstrap analysis so long as any one of those three sites is chosen. The probability of at least one of those sites being chosen in a bootstrap analysis is 1 -[( 1-1/15)'5]3, or about 95%. Likewise, the branch between the eastern A cluster and the westernnorthern cluster has four mutations on it, so it will be expected to be supported 1 -[( 1-1/15)'5]4, or about 98%, of the time. This suggests the network is very robust. There is no obvious geographic pattern to the distribution of haplotypes within semispecies.
Discussion
Phylogenetic Relationships and Genetic Divergences between the Semispecies
The pattern of DNA sequence divergence at per is consistent with the chromosomal inversion, allozyme, and mtDNA data, in showing the two eastern semispecies to be more closely related to each other than either is to western-northern.
In addition, the distance analysis ( fig.  3) suggests that, of the two eastern semispecies, eastern A is more closely related to western-northern than is eastem B. This latter pattern is also consistent with the chromosomal and allozyme data, although the mtDNA data suggest equivalent levels of differentiation (Yoon and Aquadro, submitted) .
This nonequality of divergence between western-northern versus eastern A compared with western-northern versus eastern B could result from hybridization between eastern A and western-northern or from the historical pattern of "semispeciation" in this group. The latter alternative would imply that eastern B arose from eastern A, which itself arose from westemnorthern. This pattern is consistent with the ranges of the semispecies and could imply that the center of origin for Drosophila athabasca is in the western part of the continent. In the cladistic network, all eastern A and a few eastern B haplotypes group within the central cluster, with most parsimonious clustering of the haplotypes. The all the western-northern haplotypes forming a distinct 
NOTE.-A plus sign (+) indicates the presence of a restriction site, a minus sign (-) the absence. An additional 85 monomorphic sites were also scored. ' r = RsaI; s = ScrFI; m = MspI; H = HurlII; t = TuqI; f = Hinfl; d = DdeI; u = Suu3AI; and a = AM. The number following the enzyme abbreviation refers to the site location in the Yoon (199 1) sequence. The locations of gains of sites relative to the most common western-northern haplotype are only approximate and, in some cases, may not even be close to the actual location of the site. This does not affect the analysis or interpretation of our results.
b Iv = length variant. These are presented in the same order as they appear in the gene (see fig. 2 ). All length variation is in relation to the most common western-northern haplotype. Except for 1~2, all size variation is only approximate. ' Restriction-site haplotypes in figs. 5 and 6. d These variants are in the repeat region and appear to involve the loss of more than one site. In each case the event is treated as a single loss, since all but one site loss in each case can be accounted for by length variation.
clade on one side and most eastern B haplotypes on the is due to current hybridization between western-northern other ( fig. 5 ) . If the nonequal pattern of divergence be-and eastern A, then one would expect to see some haptween western-northern versus each eastern semispecies lotypes shared between western-northern and eastern A, +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10  +10 - a Data were calculated by the method of Nei (1987) .
b Data are from Johnson ( 1978 Johnson ( , 1985 . ' Within western-northern and the two eastern semispecies; data are from Miller and Voelker ( 1972) .
d Data are from Yoon and Aquadro (submitted). ' For both eastern semispecies combined.
did not score. The phylogenetic tree ( fig. 6 ) illustrates this point. From the tree, it is easy to see how a hypothetical change in the lineage leading to eastern A could result in an altered song in only that lineage, despite the fact that eastern A and eastern B share a haplotype at the level of resolution our study provides.
The maximum divergence between the semispecies is western-northern versus eastern B, with d = 0.97% ( fig. 3 ). This is five times less than the divergence Begun and Aquadro ( 199 1) (table 2) providing further evidence that in Drosophila mtDN1 does not evolve faster than nuclear DNA (Powell et al 1986; Sharp and Li 1989) .
Relative Levels of Polymorphism within Each of the Three Semispecies
When all available data sets concerning the relative levels of variability within each D. athabasca semispecie are compared, a clear trend begins to emerge (table 2) Autosomal allozyme loci (Johnson 1978 (Johnson , 1985 ant mtDNA (Yoon and Aquadro, submitted) Divergence estimates, average number of pairwise differences between semispecies, per nucleotide, uncorrected for within semispecies polymorphism, calculated using the methods of Nei ( 1987) . Left, Graphic representation of the divergence estimates. The mtDN/ data are shown for comparison and are taken from Yoon and Aquadro (submitted). (Watterson 1975 ) . Western-northern has by far the greatest geographic range and almost certainly has the largest census population size (Wheeler and Throckmorton 1960; Toda 1985) ) so it is not surprising that it is more variable than the other semispecies, particularly when compared with eastern B which is limited to a small area of the eastern United States ( fig. 1) . However, the levels of polymorphism reported at all X-linked genes examined to date, which include two allozyme genes (Johnson 1978 (Johnson , 1985 and per in our own study, show an entirely different pattern. At these loci, the relative levels of polymorphism are reversed, with western-northern least variable and eastern B most variable (table 2) . Although the exact locations of per and the two allozyme loci on the X chromosome are unknown, they were chosen independently, so it is likely that they are not closely linked. Thus, it is possible that the reduction in variability at these genes in western-northern reflects a reduction of variability along much of the X chromosome in this semispecies. This hypothesis is strengthened by the rel-
The period Gene in Drosophila athabasca 177 ative levels of chromosomal inversion polymorphism (table 2). The eastern semispecies have a combined total of 19 polymorphic inversions on the X chromosome, compared with 3 in western-northern (Miller and Voelker 1969a, 1969b) . On the only autosome to show significant inversion polymorphism, the C chromosome, the eastern taxa combined have a total of 30 polymorphic inversions, compared with western-northern's 16 ( Miller and Voelker 1968 ) . Although the distribution of inversions in the individual eastern taxa is not reported, it is clear that the relative level of inversion polymorphism in western-northern compared with the eastern groups is lower on the X chromosome than on the C chromosome.
Because the per and mtDNA data are in the form of estimates of nucleotide polymorphism and divergence, it is possible to test statistically whether the levels of variability and divergence at per and mtDNA are more different than would be expected by chance under a neutral model of molecular evolution. Under neutrality, the level of polymorphism at a locus is expected to be proportional to the level of divergence at that locus. By examination of two or more loci, this expectation can be tested with a Hudson-Kreitman-Aquadro (HKA) test (Hudson et al. 1987) . The test as originally formulated is for comparing two or more autosomal loci, and we modified it to take into account the difference in population size between an X-linked and an mtDNA-linked gene (see, e.g., Begun and Aquadro 199 1) . If we assume that males and females have equal mating effective population sizes (i.e., no difference in the variance of mating success between males and females), then mtDNA is expected to have a population size one-third that of the unrooted tree showing the evolutionary relationship of the 11 site haplotypes. At 15 steps, this is the single shortest tree, and it was constructed, using PAUP (Swofford 1990) , by the branch-and-bound algorithm with equal character weighting. The length of each branch is proportional to the number of changes between the nodes it connects, and the size of each node is proportional to the frequency of its haplotype. Hatch marks along the branches are the number of mutations needed to connect each node. There are no convergent site gains or losses. Site 1 = d67 17; site 2 = ~6738; site 3 = t4850; site 4 = f5452; site 5 = t6 150; site 6 = a5932; site 7 = r6584; site 8 = m4640; site 9 = f6670; site 10 = h4774; site 11 = r668; site 12 = ~1280; site 13 = f6784; site 14 = r2020; and site 15 = ~4952.
X chromosome and therefore to be one-third less variable under neutrality.
We performed all six possible pairwise comparisons under this assumption. Of the six tests, only the comparison of observed levels of polymorphism in western-northern with those expected in light of divergence to eastern B produces a significant (RO.0 1) test statistic (table 4), supporting our interpretation that there is a dearth of variability at per in the western-northern semispecies. We do note, however, that all four values which contribute to the HKA testi.e., polymorphism and divergence at each of the two loci-differ from their expected values (table 4) ) so lack of variability at western-northern is not the only reason for the significant test statistic. This may be reflected in the fact that the test is significant with eastern B as an outgroup but not with eastern A as an outgroup, suggesting that the longer branch length between westernnorthern and eastern B than between western-northern and eastern A ( fig. 3) is also contributing to the significant test statistic. We note also that we have performed six tests, so the actual P-value of the test between westernnorthern and eastern B may be ~0.01. On the other hand, we have reason to believe that the HKA test becomes very conservative as divergence times approach those estimated between the semispecies (see below).
The HKA test involves several assumptions, including no recombination within each locus, free recombination between loci, and no ancestral polymorphism segregating between the two species. The assump tion of no ancestral polymorphism is violated in the two comparisons of the eastern semispecies with each other and is likely to be violated in the comparisons of the eastern groups with western-northern as well. Additionally, the small expected values for polymorphism and divergence can potentially inflate the HKA test statistic. In light of these problems, we performed simulations to determine the distribution of the HKA test statistic when the divergence time between the populations is small, and our results show that the test is conservative under these conditions (authors' unpublished data). An additional potential problem with the HKA test is our assumption of equal variance of mating success between nome comparison and the small divergence times between taxa, the test lends statistical support to the observation that genes on the X chromosome in westernnorthern are less polymorphic than expected. There are a number of population-genetic phenomena which can theoretically reduce variation, including population bottlenecks, hitchhiking, and background selection against deleterious mutations.
A recent population bottleneck in western-northern is ruled out in this case because the reduction in variability appears to be limited to genes on the X chromosome, and a bottleneck is expected to reduce variability genomewide. Positive hitchhiking (Maynard Smith and Haigh 1973; Kaplan et al. 1989 ) is the process whereby a newly arisen advantageous mutation goes quickly to fixation, dragging along linked neutral sites. In areas of low recombination, this results in a reduced level of variability compared with the neutral expectation (Begun and Aquadro 199 I; Berry et al. 199 1) . If the recombination rate is low or nonexistent along the whole length of a chromosome, then the entire chromosome will have lower-than-expected levels of polymorphism. This is the case for the D. melanogaster fourth chromosome ( Berry et al. 199 1) . It could also be the case for the X chromosome in D. athabasca western-northern.
Drosophila athabasca as a whole is extremely polymorphic for chromosomal inversions, and recombination is repressed between different inversion types. If western-northern was once as polymorphic for X-chromosomal inversions as the eastern semispecies are now and if an advantageous mutation arose and swept to fixation on any but an extremely common chromosomal inversion type, then the entire part of the chromosome taken up by the inverted area would have reduced levels of polymorphism.
In light of the proportion of the X chromosome taken up by inversions in the eastern semispecies, this reduction in variability could be practically chromosomewide. Although this scenario hypothesizes positive directional selection, it does not imply that per was necessarily the target of selection, since all genes within the sweeping inversion are effectively linked.
Positive hitchhiking is not the only way to reduce variability in a limited area of the genome. A second possibility is background selection, the process by which selection against "background" deleterious mutations reduces variability at linked neutral sites (Charlesworth et al. 1993 Although there is nothing in the phylogeny of pe alleles which rules out per as a gene important for es tablishing mating isolation between the semispecies ( fig  6) ) the levels and patterns of variability suggest that pe may not play a major role in mating isolation betweei these groups. The low levels of allozyme and mtDNb divergence among the D. athabasca semispecies, as we1 as the results of this study, support the view that thes groups have diverged very recently (Johnson 1978, 1985 Yoon and Aquadro, submitted) .
This implies that the mating isolation differences and song differences ares very quickly. The speed and pattern with which thesl differences arose suggest that they may have been drivel by natural selection (Yoon and Aquadro, submitted) and if this is the case, then we should be able to detec the effects of selection on the genes responsible for the changes in behavior. The eastern A song is the mos diverged from its ancestral state (Yoon 199 I) , so if se lection is responsible for this change and if the difference in song are the result of differences at the per locus, thei we might expect to see signs of recent, strong directiona selection at per in eastern A. For example, we migh expect to see a very low level of DNA sequence poly morphism at per in eastern A relative to the other twc semispecies, because of the selective fixation of a mu tation giving rise to an altered song (Maynard Smitl and Haigh 1973; Kaplan et al. 1989 ). However, thi pattern is not observed; although eastern A is less variable than is eastern B at per, it is four times more variable than western-northern.
Furthermore, Tajima's D esti mated for length variation in eastern A is significant]: positive, the opposite of what would be expected had , new variant recently been fixed because of natural se lection. Since the evidence that the semispecies have be come reproductively isolated very quickly because o natural selection seems quite solid (Yoon 199 1; YOOI and Aquadro, submitted) , the fact that we do not detec selection at per in eastern A is inconsistent with pe playing a large role in establishing reproductive isolation fig. 5 . The restriction-site changes are the same as in fig. 5 , but the tree is drawn such that each semispecies is monophyletic. males and females. It seems likely that the variance of male mating success is greater than the variance of female mating success, and this would bias the test in the direction of seemingly less-than-expected X chromosomal variability compared with mtDNA variability. In order to account for this problem, we recalculated the HKA test for the comparison which was significant (westernnorthern vs. eastern B), this time assuming that males contribute nothing to mutational effective population size. Under this assumption, mtDNA-linked genes are expected to be half as variable as X-linked genes, under an equilibrium-neutral model. Even under this very conservative assumption, the test is still significant (P < 0.05; table 4), suggesting that differences in mating effective population size between males and females is not the cause of the departure.
Although the results of the HKA test should be interpreted with some caution, in light of the interge- 
